In this paper, we report on study of ion back bombardment in a high average current radio-frequency (RF) photo-gun using a particle-in-cell/Monte Carlo simulation method. Using this method, we systematically studied effects of gas pressure, RF frequency, RF initial phase, electric field profile, magnetic field, laser repetition rate, different ion species on ion particle line density distribution, kinetic energy spectrum, and ion power line density distribution back bombardment onto the photocathode. These simulation results suggest that effects of ion back bombardment could increase linearly with the background gas pressure and laser repetition rate. The RF frequency significantly affects the ion motion inside the gun so that the ion power deposition on the photocathode in an RF gun can be several orders of magnitude lower than that in a DC gun. The ion back bombardment can be minimized by appropriately choosing the electric field profile and the initial phase.
Introduction
A number of high average current RF photo-guns have been proposed or under development for future energy recovery linac (ERL) or free electron laser (FEL) applications [1] [2] [3] [4] [5] . At Lawrence Berkeley National Laboratory (LBNL), a normal conducting, very high frequency (VHF) RF gun operating at 187 MHz is under construction [5] . This gun is designed to provide a high brightness electron beam up to 1 nC charge with 1 MHz repetition rate (i.e. 1 mA average current) to feed into a superconducting linac for a soft X-ray FEL array planned at LBNL [6] . At present, experiments at high average current photo-gun based on fixed voltage (i.e. DC gun) suggested that the ion back bombardment could cause significant decrease of quantum efficiency of the cathode in photoinjectors by either surface contamination or cathode material damage [7] [8] [9] . It is a major factor that limits the photocathode lifetime in high average current photoinjectors.
In previous studies, particle tracking and analytical model were used to estimate the ion generation and deposition on the cathode of the gun [10] [11] [12] [13] . Those studies provided useful understanding of ion generation and dynamics inside the gun. However, no systematic simulation was reported to study the effects of different cavity parameters on the ion back bombardment to the photocathode. Meanwhile, for accurate prediction of the ion back bombardment to the photocathode (e.g. ion particle distribution and energy spectrum on the cathode) under realistic conditions of the gun with electron beam, detailed numerical simulations are needed. In this paper, we used a self-consistent particle-in-cell/Monte Carlo method to study ion generation and ion back bombardment in the VHF RF photo-gun that is under construction at the LBNL. The study focused on effects of gas pressure, RF frequency, RF initial phase, electric field profile, magnetic field, laser repetition rate, different ion species on ion particle line density distribution, kinetic energy spectrum, and ion power line density distribution back bombardment onto the photocathode. The extrapolation shown in the figures of the simulation results comparing ion back bombardment between RF and DC cases (in this work using the same gun geometry) does not represent an accurate model, it is only a first approximation that could be improved by more detailed DC gun geometry and field profile.
The organization of the paper is as follows: after the Introduction, we briefly describe the theoretical model of ion motion in an RF field in Section 2, introduce the computational model in Section 3, present simulations of the ion back bombardment of the VHF gun in Section 4, and summarize the study in Section 5.
Theoretical model of ion motion in RF field
Inside an RF photo gun, when an ion is generated through electron impact ionization of residual gas, it will be subject to the acceleration of the electromagnetic fields of the cavity. For the slow motion of ion, the effects of magnetic fields are negligible. where m is the mass of the ion, q is the charge of the ion, E is the spatial dependence of electric field inside an RF cavity, o is the angular frequency of the cavity, f is the initial driven phase of the cavity. The solution of above equations of motion can be written as a summation of two terms [13] [14] [15] [16] [17] :
where r denotes the slow drift term, and n denotes the fast oscillating term. The solution of the fast oscillating term is given by
The equations of motion for the slow drift term becomes From Eq. (5), we can see that the ion will drift towards the minimum of the effective potential U eff , i.e. electric field intensity, independent of the sign of the charge. This suggests that if the electric field is peaked at the cathode, the ions generated inside the RF gun will drift away from the photocathode towards the minimum of the electric field. This is very different from the situation of the DC gun, where all the ions generated inside the gun will be pull back towards the photocathode. Since the total solution of the ion motion includes both the drift term and the fast oscillating term, only those ions originating near the cathode can reach the cathode from the fast oscillating motion or from a negative initial velocity pointing towards the cathode. A larger oscillation amplitude will in general result in more ions ending on the cathode. From Eq. (3), we can see that the oscillation amplitude goes down quickly with the RF frequency. This suggests that a smaller number of ions would come back to the cathode with a higher RF frequency. From Eqs. (8) and (9), we can see that the kinetic energy of the ion from the fast oscillation will also decrease with higher RF frequency, larger atomic mass and smaller absolute value of initial phase.
Computational model
We have used the IMPACT-T code as the computational tool in this study. The IMPACT-T code is a self-consistent three-dimensional quasi-static particle-in-cell (PIC) code to simulate charged particle transport in DC or RF photoinjectors [18] . Here, a bunch of photo-electrons emitted from the cathode will be transported through the injector subject to both the external accelerating/ focusing forces and self-consistent space-charge forces. The electron beam collides with the background residual gas and produces ions through the electron-impact ionization. The production of ions is simulated using a Monte Carlo method with an ionization probability of the residual gas. Here, the probability of production of an ion by an electron impact ionization during a time interval Dt is given by [19] p i ¼ 1-expð-n gas svDtÞ ð 10Þ where n gas is the density of background residual gas, s is the electron impact ionization cross-section, v is the relative speed between the electron and the gas molecule. Given the ionization probability for an electron, a uniformly distributed random number r is generated. If r op i , the ionization occurs, an ion particle is generated. Once an ion is generated, it will be subject to both the external forces of accelerating/focusing fields and the space-charge forces from the electrons. The space-charge forces among the ions and the space-charge forces on the electrons from the ions are neglected given the fact that the number of ions is much less than the number of electrons. The initial spatial location of the ion is assumed to be the same as that of the electron. The initial velocity of the ion is sampled from a Gaussian distribution with a given initial gas temperature. Here, we also neglect the detailed momentum exchange between the electron and the ion given the fact that this is small compared with the large external accelerating forces.
Simulation of ion back bombardment in the VHF RF gun
Using the above particle-in-cell/Monte Carlo method, we have studied the ion back bombardment in the VHF RF photo-gun that is being developed at Lawrence Berkeley National Laboratory [5] . This VHF photo-gun is designed to provide a high average current electron beam with a good beam quality to support the soft X-ray FEL array planned at Berkeley [6] . The charge of electron beam from a single laser pulse can be as high as 1 nC with a repetition rate of 1 MHz. The normal conducting RF gun cavity is designed with a nominal 187 MHz frequency to combine the advantage of DC gun for high repetition rate and that of RF gun for higher accelerating field. The maximum field inside the gun is about 20 MV/m that provides the final electron beam energy around 750 keV. In the current study of the ion back bombardment inside this RF photo-gun, we have assumed a group of nominal parameters listed in Table 1 .
We have used the energy dependent electron impact ionization cross-section for residual H 2 gas, H 2 O gas and CH 4 gas that are commonly observed in most RF photo-guns [10, 20] . Fig. 1 shows the electron impact ionization cross-section for those three species gases [21] [22] [23] . It is seen that the ionization cross-section reaches the maximum value around 50 eV of electron kinetic energy and falls off quickly after 100 eV for all three species of gas. Among these three species, the CH 4 gas has the largest electron ionization cross-section followed by the H 2 O gas. The H 2 has the smallest ionization cross-section, which is more than a factor of two less than the other two gas species.
Effects of gas pressure
In this study, we have assumed a background residual gas pressure of 10 -6 Torr for most simulations. This is significantly higher than the vacuum gas pressure in the planned RF gun that could be as low as 10 -11 Torr. Using such an artificially higher pressure is to increase the numerical statistics in the simulation since the production rate of ions is very low in the real RF gun and the number of ions will be too small during the period of simulation time of about 50 pulses (i.e. 50 ms). To check the effects of background gas pressure on the ion back bombardment, we ran simulations using the nominal gas pressure of 10 -6 Torr, gas pressure of 0:5 Â 10 -6 Torr, and of 2 Â 10 -6 Torr. Fig. 2 shows the pulse averaged H þ 2 ion line density and the ion energy distribution on the photocathode for the three gas pressures. the ion line particle density and power density of the half pressure case are multiplied by a factor of two while those of the doubled pressure case are divided by a factor of two. It is seen that after those scalings, all three cases show very close ion line density and power distributions. The ion kinetic energy distribution on the photocathode is also very close except somewhat larger fluctuation for the half pressure case due to the poorer numerical statistics. These results suggest that we could scale our simulation results linearly down to 10 -11 Torr without changing the details of ion distribution on the photocathode.
Effects of RF frequency
From previous theoretical discussions, we see that the frequency of RF field can have significant impact on the ion particle dynamics inside the RF field. Fig. 4 shows the pulse averaged total H þ 2 ion particle number back bombardment onto the cathode as a function of the RF frequency. Here, we have assumed the same electric field profile for all different frequencies in order to focus on the effect of the RF frequency. This will not be true in a real cavity in general but can still be a valid approximation for some low frequency cavities. From Fig. 4 , it is seen that the number of ions back bombardment onto the cathode is significantly reduced inside the RF gun compared with that inside the 0 frequency DC gun case. With the increase of RF frequency, the number of ions also decreases, which qualitatively agrees with the theoretical prediction. Fig. 5 shows the pulse averaged H þ 2 ion particle line density distribution on the photocathode for different RF frequencies inside the gun. For the DC gun case, it shows a high peak particle line density at the center, which is consistent with the experimental observation [9] . It also has a wider spread of the distribution on the photocathode since all ions generated inside the gun will come back to the cathode eventually. Those ions generated at larger radial amplitude contribute to larger radial distribution on the cathode. The ion particle line densities in the RF guns are much less than that in the DC gun with a factor of 4-7 lower peak value. The density distribution is also much narrower on the cathode. This is because only the ions that are produced near the photocathode can reach the cathode. Most ions produced inside the RF gun will drift downstream towards the exit of the gun. With the increase of the RF frequency, the amplitude of the fast ion oscillation decreases. This also results in less number of ions back onto the photocathode. Fig. 6 shows the H þ 2 ion kinetic energy distribution on the photocathode for different RF frequencies inside the gun. It is seen that inside the DC gun, the energy spectrum extends to a very wide range that corresponds to the maximum voltage across the accelerating gap. Also, the energy spectrum inside the DC gun has two peaks, one around the low energy regime, the other around the high energy regime. This is due to the fact that the ion production rate depends on the product of ionization crosssection and the electron impact speed. The first peak near the low energy regime comes primarily from the contribution of large ionization cross-section. The second peak around the high energy comes from the contribution of large electron impact speed down stream of the gun. Those high energy ions with more than 700 keV kinetic energy could cause significant damage to the photocathode material. For the RF gun, the ion energy spread is much smaller than that of DC gun since only a small fraction of ions near the cathode can reach back the cathode. Most ions come back to the cathode with a low energy. For the 187 MHz case, the maximum energy of ion is around 9000 eV with most ions on the cathode have an energy below 100 eV. The impact damage of ions to the photocathode in the RF gun could be much less than that in the DC gun. Fig. 7 shows the H þ 2 ion power line density distribution on the photocathode for different RF frequencies inside the gun. It is seen that the power deposition inside the RF gun is several orders of magnitude less than that in the DC gun.
Effects of RF phases
From the previous theoretical model it is also known that the velocity of ion motion in an RF field also depends on the initial phase of the RF field. Fig. 8 shows pulse averaged H þ 2 ion particle line density distribution and the kinetic energy distribution on the photocathode with three different RF initial phases. Here the RF phase is defined with respect to the time of laser hitting onto the photocathode surface. It is seen that by adjusting the initial RF phase, the ion particle density on the photocathode can be lowered by 50% and the maximum ion kinetic energy impact on the cathode can also be reduced by 10%. Fig. 9 shows pulse averaged H þ 2 ion power line density distribution on the photocathode. The power line density can also be lowered by more than 50% by using a larger phase (i.e. smaller absolute value of phase).
Adjusting the initial RF phase could also affect the electron beam dynamics inside the RF gun. Fig. 10 shows the electron beam kinetic energy evolution and transverse rms emittance evolution inside the gun with above three different initial RF phases. It is seen that the final energy and emittance are not very sensitive to the change of initial phase within this range of initial phase variation in this gun. This suggests that we could minimize the effects of ion back bombardment using a right phase without sacrificing the quality of electron beam output from the gun. We should also note although initial results show no major difference in the emittance of the beam near the cathode, more calculations of the entire injector might be needed to see the overall effect of various phases on the electron beam dynamics.
Effects of RF field profile
In photo-gun design, the cathode can be moved backward somewhat from the peak of the electric field in order to increase the transverse focusing of the electron beam from the electric field. However, from the previous theoretical model it is seen that ions inside the fast oscillation RF field will drift towards the minimum of electric field intensity. Moving the peak of field away from the cathode will cause some ions generated before the field peak location to drift towards the cathode. This would enhance the ion back bombardment to the photocathode. Fig. 11 shows the pulse averaged H þ 2 ion particle line density distribution and the kinetic energy distribution on the photocathode with peak field at the cathode and at 1 cm away from the cathode. It is seen that the ion particle line density has increased significantly at the cathode. The ion kinetic energy distribution at the cathode also changes with more ions located near high energy regime. Fig. 12 shows the pulse averaged H from the cathode. It is seen that the ion power line density has increased by about a factor of two using the field with recessed cathode.
Effects of repetition rate
The VHF RF photo gun designed at LBNL can in principle also operate at even higher repetition rate than the nominal case of 1 MHz. Fig. 13 shows the pulse averaged H þ 2 ion particle line density distribution and the kinetic energy distribution on the photocathode with 1, 10 and 100 MHz repetition rate. Fig. 14 shows the pulse averaged ion power line density distribution on the cathode with above three repetition rates. It is seen that the ion particle line density and energy distribution are very close for all three repetition rates. The ion power line density increases linearly with the increase of the repetition rate. This suggests that running the photo RF gun with higher repetition rate would result in more ions back bombardment on the photocathode within the same amount of time than the nominal repetition rate. The ion distribution on the photocathode remains nearly the same.
Effects of B field
The solenoid magnetic field is used for the emittance compensation in order to control the emittance growth of the electron beam. Fig. 15 shows the pulse averaged H þ 2 ion particle line density distribution and the kinetic energy spectrum on the photocathode without and with magnetic field inside the gun. Fig. 16 shows the pulse averaged H þ 2 ion power line density distribution on the photocathode without and with magnetic field inside the gun. It is seen that there are no significant differences in the particle density distribution, power line density distribution, and kinetic energy spectrum on the cathode with or without magnetic field. The effects of magnetic field inside the gun on the ion back bombardment are small. This is due to both small ion velocity near the cathode and the small magnetic field near the cathode.
Effects of ion species
In the RF gun, the residual gas contains not only H 2 but also other species such as water and CH 4 . Those species can have different charge to mass ratio compared with the H þ 2 . Fig. 17 shows the pulse averaged ion particle line density distribution and the kinetic energy distribution on the photocathode for H þ . It is seen that CH þ 4 has the largest particle line density on the cathode among three species due to the largest ionization cross-section shown in Fig. 1 . However, the H þ 2 shows a very wide energy spectrum with a maximum kinetic energy up to 9000 eV. This is because the H þ 2 is the lightest ion among the three species and has a higher kinetic energy inside the gun. Fig. 18 shows the pulse averaged ion power line density distribution on the photocathode for H has the largest power deposition on the photocathode due to its larger kinetic energy compared with the other two species. These results suggest that the back ion energy distribution on the photocathode is primarily determined by the ion mass while the ion particle density distribution depends heavily on the electron impact ionization cross-section. 
Summary
The above simulations studied the effects of residual gas pressure, RF gun frequency, RF field profile, RF initial phase, magnetic field, gas species, and laser repetition rate on the ion back bombardment to the photocathode in the VHF gun. These results suggest that ion back bombardment in the high average current RF photo gun could be much less than that in the DC gun. If the damage to the photocathode is primarily due to the surface contamination by the deposition of ion particles, the lifetime of the photocathode in the RF gun could be a few times better than that in the DC gun. If the damage to the photocathode is primarily due to the high energy ion back collision, the lifetime of the photocathode in the RF gun could be order of magnitude better than that in the DC gun. Since the ion particle density scales linearly with residual gas pressure, for the VHF photo gun operating with a vacuum pressure as low as 10 -11 Torr, the real number of ions on the cathode could be 10 -5 smaller than the nominal simulation case with a residual gas pressure of 10 -6 Torr.
If the ion particle would accumulate linearly with time, there could be about thousand ions on the cathode per week in the VHF RF gun. Increasing the repetition rate, i.e. increasing the average current, will lead to more ion back bombardment on the photocathode without significantly changing the particle and energy distribution. The simulation results also suggested that the ion back bombardment could be minimized by appropriately choosing the RF electric field profile and the RF initial phase.
